The terminal nerve is an anterior cranial nerve that innervates the lamina propria of the chemosensory epithelia of the nasal cavity. The function of the terminal nerve is ambiguous, but it has been suggested to serve a neuromodulatory role. We tested this hypothesis by exposing olfactory receptor neurons from mudpuppies (Necturus maculosus) to a peptide, gonadotropin releasing hormone (GnRH), that is found in cells and fibers of the terminal nerve. We used voltage-clamped wholecell recordings to examine the effects of 0.5-50 M GnRH on voltage-activated currents in olfactory receptor neurons from epithelial slices. We found that GnRH increases the magnitude, but does not alter the kinetics, of a tetrodotoxin-sensitive inward current. This increase in magnitude generally begins 5-10 min after initial exposure to GnRH, is sustained for at least 60 min during GnRH exposure, and recovers to baseline within 5 min after GnRH is washed off. This effect occurred in almost 60% of the total number of olfactory receptor neurons examined and appeared to be seasonal: ϳ67% of neurons responded to GnRH during the courtship and mating season, compared with ϳ33% during the summer, when the sexes separate. GnRH also appears to alter an outward current in the same cells. Taken together, these data suggest that GnRH increases the excitability of olfactory receptor neurons and that the terminal nerve functions to modulate the odorant sensitivity of olfactory receptor neurons.
The terminal nerve is an anterior cranial nerve first described in the late 1800s (Fritsch, 1878; Pinkus, 1894 Pinkus, , 1895 . The fibers of the terminal nerve extend posteriorly to the hypothalamic/ preoptic area and anteriorly to the nasal cavity; in teleost fishes, a branch extends to the retina (Demski, 1993) . The cell bodies of the terminal nerve are located in a ganglion or series of ganglia along the olfactory nerve, olfactory bulb, or basal forebrain. The histochemistry of the terminal nerve has not been fully characterized in a single species, but in most jawed vertebrates the terminal nerve contains gonadotropin releasing hormone (GnRH) and shows FMRFamide-like immunoreactivity (Eisthen and Northcutt, 1996) . In addition, the terminal nerve of some animals contains acetylcholine (Schwanzel-Fukuda et al., 1986; Wirsig and Leonard, 1986; Wirsig-Wiechmann, 1990; White and Meredith, 1995) , tyrosine hydroxylase (White and Meredith, 1995) , and/or neuropeptide Y (Chiba and Honma, 1992; Vallarino et al., 1995) .
The function of the terminal nerve is unknown. Anatomical considerations have led several authors to suggest that the nerve is sensory (Rossi et al., 1972; Demski and Northcutt, 1983) . However, electrophysiological recordings from the terminal nerve have failed to detect clear sensory responses (Bullock and Northcutt, 1984; Fujita et al., 1991; White and Meredith, 1995) . Behavioral experiments that controlled for nonspecific damage indicate that terminal nerve lesions impair some, but not all, aspects of mating behavior in male hamsters (Wirsig and Leonard, 1987; Wirsig-Wiechmann, 1993a ) but do not demonstrate that the nerve is sensory.
An alternate hypothesis suggests that the terminal nerve serves a neuromodulatory function. The cell bodies possess undifferentiated processes (Wirsig-Wiechmann, 1993b ) and contain compounds that can act as neuromodulators, including GnRH. Binding studies of GnRH agonists indicate that the olfactory epithelium of tiger salamanders contains GnRH receptors (Wirsig-Wiechmann and Jennes, 1993) , suggesting that compounds released from the terminal nerve may affect activity of olfactory receptor cells. In goldfish, application of GnRH, FMRFamide, and other compounds present in the terminal nerve alters the activity of retinal ganglion cells (Walker and Stell, 1986) , suggesting that the retinopetal branch of the terminal nerve in teleosts may be neuromodulatory. The projection to the olfactory epithelium may play a similar role in a wide range of vertebrates, although the stimulus for peptide release from the terminal nerve is unclear. Recordings from the cell bodies of the terminal nerve demonstrate that the cells are tonically active (Fujita et al., 1991) and that the majority fire spontaneous action potentials at a constant frequency (Oka and Matsushima, 1993) . Extracellular recordings indicate that the terminal nerve also carries efferent impulses that suppress activity of the terminal nerve cells (Bullock and Northcutt, 1984; White and Meredith, 1987) , as does tactile stimulation of the body (Fujita et al., 1991) .
We verified that the terminal nerve of an aquatic salamander, the mudpuppy, is immunoreactive for GnRH, and then examined the effects of GnRH on the olfactory receptor cells. We found that GnRH increases the magnitude of a voltage-activated, tetrodotoxin (TTX)-sensitive inward current and may alter an outward current as well. These data constitute the first demonstration that peptides found in the terminal nerve modulate activity of olfactory receptor cells.
MATERIALS AND METHODS
Subjects. Healthy adult mudpuppies (Necturus maculosus) of both sexes were used as subjects in all experiments. Mudpuppies were obtained from licensed suppliers (Kons Scientific Co., Germantown, W I, and William A. Lemberger Co., Oshkosh, W I) and maintained in small groups in aquaria at ϳ20°C.
All procedures were conducted under the supervision of the institutional animal care and use committees from Boston University and the Marine Biological Laboratory, in accordance with guidelines established by the Public Health Service and the Society for Neuroscience.
Immunohistochemistr y. Because the distribution of GnRHimmunoreactive fibers has not been described in mudpuppies, we verified that mudpuppies possess GnRH-immunoreactive terminal nerve fibers that extend to the olfactory epithelium before conducting studies of the effects of GnRH on olfactory receptor cells.
Three mudpuppies were used as subjects in this study. Animals were deeply anesthetized by immersion in 1% tricaine methanesulfonate (MS222, Sigma-Aldrich, St. L ouis, MO). Animals were transcardially perf used with 10 ml saline followed by 120 ml Z amboni's fixative at a rate of 5 ml /min. The head was removed, decalcified whole in DeC al (Decal Chemical, Congers, N Y) for 3 d, and cryoprotected in 30% sucrose. Serial horizontal sections were cut on a cryostat at 30 m and stored at Ϫ20°C until they were processed following standard immunohistochemical protocols.
Sections were preincubated in a blocking solution containing 0.2% Triton X-100 and 1% normal goat serum in PBS, pH 7.4. Sections were then incubated with the primary antibody (anti-L HRH, DiaSorin, Stillwater, M N) diluted 1:4000 in blocking solution for 3 d, rinsed with PBS between 30 min incubations in goat anti-rabbit secondary antibody and HRP-avidin (Vector Laboratories, Burlingame, CA), then reacted with diaminobenzidine and counterstained with methyl green.
Physiolog ical recordings. We used 36 healthy adult mudpuppies of both sexes as subjects for physiological experiments. Whole-cell recordings were made from individual olfactory receptor neurons in epithelial slices, as illustrated in Figure 1 . The slice preparation has significant advantages over the more common isolated-cell preparations: the receptor cells retain their intercellular connections; the method does not expose the receptor cells to enzymes or harsh osmotic treatments, which can interfere with odorant responsivity; and cells in slices remain viable up to 48 hr.
Epithelial slices were prepared using a protocol modified from that described by Bigiani and Roper (1995) . Mudpuppies were immersed in ice water for 20 min and then decapitated. The nasal sac was dissected out of its capsule, slit longitudinally, opened flat, and attached to a support with cyanoacrylate glue. Slices 200 -250 m thick were cut with a vibrating blade and stored in amphibian physiological saline containing (in mM): 120 NaC l, 10 H EPES, 8 C aC l 2 , 5 glucose, 5 pyruvate, 2.5 KC l, and 1 MgC l 2 . Slices of olfactory epithelium prepared in this manner remained viable for recording at room temperature for at least 4 hr, and when stored at 4°C could be used for 48 hr.
Epithelial slices were mounted in a recording chamber and viewed with a 40ϫ water immersion objective (total magnification 400 -500ϫ) on a Z eiss Axioskop FS microscope equipped with DIC optics. Patch electrodes of borosilicate glass were pulled on a Flaming-Brown programmable micropipette puller (Sutter Instruments, Novato, CA) and coated with wax to reduce electrode capacitance. For whole-cell voltage-clamp recordings, pipette resistance was generally 3-5 M⍀. All recordings were conducted at room temperature using an Axopatch 1B amplifier (Axon Instruments, Foster C ity, CA) with a low-pass Bessel filter set at 5-10 kHz. Raw data were collected and leak current was subtracted before analysis using software developed in the laboratory.
For experiments that did not require the use of ionic substitutions or ion channel blockers in the intracellular solution, the recording pipette was filled with a solution containing (in mM): 105 K gluconate, 25 KC l, 10 H EPES, 5 ATP, 3 MgSO 4 , 1 K 4 BAP TA or EGTA, 0.5 GTP, and 0.5 CaCl 2 . In most experiments, cesium was substituted for potassium to block large outward currents that might mask GnRH-sensitive inward currents. In these experiments, the intracellular solution contained (in mM): 130 C sC l, 10 H EPES, 5 ATP, 3 MgSO 4 , 1 K 4 BAP TA, 0.5 GTP, and 0.085 C aC l 2 , and calcium-dependent outward currents were also blocked through the substitution of BaC l 2 for CaCl 2 in the amphibian physiological saline described above.
The effects of GnRH on olfactory receptor cells were examined using the mammalian form of GnRH, which is the form present in the terminal nerve of amphibians (Sherwood et al., 1986; Iela et al., 1996) . Mammalian GnRH (Peninsula Labs, Belmont, CA) was dissolved in amphibian physiological solution at concentrations ranging from 0.5 to 50 M and bath-applied to slice preparations during recording. We added a dye, fast green, to this solution to allow us to verif y the timing of GnRH application and wash. Bath solutions were introduced into the recording chamber using a gravity-feed system. Our observations indicate that the bath solution covering a slice was completely replaced 30 -60 sec after solution sources were changed.
For each recording, we followed a standard protocol to ensure that comparable data were collected from all cells. Specifically, once a seal of 3-5 G⍀ was attained, the membrane under the electrode was ruptured, and a holding potential of either Ϫ70 or Ϫ90 mV was applied to maximize the inward current. We then recorded responses to a series of voltage pulses generally ranging from Ϫ80 mV to 100 mV in 10 mV steps. We then initiated the flow of bath solution over the slice and recorded responses to a similar set of pulses 1 min later. Recordings were made every 2.5 min in flowing bath until the seal and series resistance stabilized; for most cells, these variables were stable, and only two sets of recordings were made in the flowing bath before GnRH was applied. Recordings were made 1 min after the flow of GnRH was initiated, then again at 2.5 min intervals for 15-45 min. For most cells, we waited 20 -25 min before we began to wash off the GnRH with amphibian physiological saline. Recordings were made after 1 min of washing and then at 2.5 min intervals for 20 -40 min.
In some experiments, a bath solution containing fast green but not GnRH was used as a control for the effects of changing the solution or of washing fast green onto the slice. In the remainder of this article, we refer to this solution as the "control solution"; note that the control solution is different from the "wash," which consisted of plain physiological saline without fast green. In other experiments, the identity of the inward sodium current was verified through the application of 1 M TTX (C albiochem, San Diego, CA) in the bath solution, either after 20 min of GnRH application or after washing to f ull recovery. We included 10 M GnRH in the TTX solution to ensure that the response obtained was caused by the TTX and not simply by washing off the GnRH solution.
In all experiments, once a slice had been exposed to any solution other than plain amphibian physiological saline, the slice was discarded and a Whole-cell patch-clamp recordings were made from the olfactory receptor neuron indicated by the arrow. Lucifer yellow was added to the recording pipette to facilitate examination of the morphological characteristics of the neuron. fresh one used for the next recording. To examine the effects of varying the concentration of GnRH applied to a slice, we used the protocol described above to record from cells exposed to GnRH at 0.5, 1, 5, 10, and 50 M. Because of the slow time-scale of the response to GnRH, we were not able to record responses to more than one concentration per cell. However, to control for possible differences attributable to such variables as time of year, sex or health of animals, room temperature, and preparation of solutions or glass recording pipettes, we recorded responses to different concentrations of GnRH from different cells from the same animal. For these experiments, the first cell was exposed to the control solution to establish a baseline for changes attributable to such factors as rundown. The next cell (from a different slice) was exposed to 10 M GnRH, to establish a standard of responding. In subsequent recordings from cells in other slices from the same animal, different concentrations of GnRH were applied and compared with the results obtained from the two recordings described above.
We included in our analyses only recordings in which GnRH or the control solution was applied to the epithelial slice for at least 15 min, the measured series resistance did not vary by more than 10 M⍀, and the seal was at least 1 G⍀ throughout the recording. Using these criteria, we report data from a total of 72 cells that were subjected to various recording conditions and experimental protocols. In all cases, leak currents were subtracted before the data were displayed and analyzed. Statistical analyses were performed using the JM P software package (SAS Institute, C ary, NC). To avoid problems with pseudoreplication, no more than two cells from a single animal were included in a single group in our t tests.
RESULTS

Mudpuppies possess a GnRH-immunoreactive terminal nerve
The peripheral distribution of the GnRH-immunoreactive terminal nerve was similar to that seen in other amphibian species, such as tiger salamanders (Wirsig-Wiechmann, 1993b) , bullfrogs (Wirsig and Getchell, 1986) , Xenopus (Wirsig-Wiechmann and Lee, 1999) , and newts (Murakami et al., 1992) . Peripherally, labeled fibers could be traced within the olfactory nerve to the lamina propria of the olfactory mucosa, where they terminated just deep to the olfactory epithelium, as illustrated in Figure 2 . As is typical in many species, fiber labeling decreased peripherally along the olfactory nerve; that is, many fibers were observed in the olfactory nerve adjacent to the olfactory bulb, but very few were visible adjacent to the olfactory mucosa. Previous experiments indicate that this diminution in labeling is caused by the low levels of the peptide in the peripheral portion of the fibers, rather than a lack of fibers peripherally (Wirsig-Wiechmann, 1993b) . Scattered GnRH-immunoreactive cell bodies were observed underneath the olfactory epithelium and throughout the olfactory nerve from the epithelium to the rostral edge of the olfactory bulb. In dorsal sections, GnRH-immunoreactive cells were clustered among a bundle of labeled fibers that penetrated the olfactory bulb and passed to the medial portion of the telencephalon, where the fibers proceeded caudally, presumably following the path of the terminal nerve.
GnRH amplifies an inward current in olfactory receptor cells
The most dramatic result of GnRH application was an increase in the magnitude of a large, rapidly inactivating inward current in the majority of cells, which we classified as "responders," as described below. In these cells, the magnitude of this current recovered to baseline levels when the GnRH was washed off, as illustrated in Figure 3 . We did not observe any cases in which GnRH altered the rate of activation or timing of the peak of the inward current. We first observed the effect of GnRH on the magnitude of the inward current when 10 M GnRH was applied during recordings in which no blockers or ionic substitutions were used, and we continued to use this concentration for most subsequent recordings.
We examined data for responses to 10 M GnRH from 49 cells from 23 different mudpuppies, using both quantitative and qualitative analyses. Our observations indicated that not all cells responded to 10 M GnRH with an increase in the voltageactivated inward current. We categorized cells as "responders" or "nonresponders" based on the dynamics of inward current during the period of GnRH exposure. Cells were classified as responders if the inward current was elevated above baseline for at least five consecutive readings (10 min) while exposed to GnRH. Cells were classified as nonresponders if the inward current was equal to or below baseline for at least 20 min while exposed to GnRH. Using these criteria, we were able to categorize 43 of 49 cells that were exposed to 10 M GnRH; in the remaining six cells, the inward current was variable or started to increase shortly before the GnRH was washed off the slice. We found that 29 of the 49 cells (59%) responded to the application of GnRH with a sustained increase in the magnitude of the inward current, and 14 cells (29%) were unambiguously classified as nonresponders. We did not observe any cases in which the inward current decreased with GnRH exposure and then recovered when the GnRH was washed off the slice.
The recorded magnitude of the inward current varied consid- erably among cells, ranging from ϳ400 pA to Ͼ2800 pA in different cells. For purposes of statistical analysis and data display, we normalized all data to the magnitude of the inward current measured 1 min after starting to apply GnRH to the slice; although the values are not substantially different from those recorded immediately before the GnRH was applied, this time point was selected to minimize possible differences caused by changes in flow rate. To facilitate comparisons, we analyzed data from 25 cells from 14 different animals from which recordings were made with CsCl intracellular solution in the recording pipette and BaCl 2 in the bath solution. These analyses included all cells from which we obtained good recordings, regardless of their assignment to the categories described above. In general, the inward current began to increase in magnitude 5-10 min after GnRH was first washed onto the slice. Although the difference in magnitude of the inward current in cells exposed to GnRH or the control solution is not significant after 5 min of exposure, by 10 min after GnRH was first applied, the inward current was significantly larger in responsive cells relative to cells exposed to the control solution (t (17) ϭ 2.16, p Ͻ 0.05). The inward current typically continued to increase in magnitude over the first 15 min of GnRH exposure and remained elevated throughout the duration of GnRH exposure. Nevertheless, we observed considerable variability in the time course of the response to GnRH. Of the 29 cells that we classified as responders, the magnitude of the inward current continued to increase during the entire period of GnRH exposure, which ranged from 15 to 30 min, for 12 cells. In six cells, the magnitude of the inward current increased in the presence of GnRH and reached a stable level after 10 -15 min of exposure, but in three cells an increase in the inward current was not apparent until 15-30 min after GnRH was first applied to the slice. In eight cells the magnitude of the inward current peaked after 10 -20 min of exposure and then began to decline. The magnitude of the inward current remained significantly larger in responsive cells compared with controls immediately after the slice was exposed to the physiological saline used to wash off the GnRH (t (9) ϭ 3.07, p Ͻ 0.02), indicating that changing the bath solution did not alter activity of the cells; however, after 5 min of washing, the magnitude of the inward current in GnRH-responsive cells returned to a level comparable to that of controls (t (9) ϭ 1.22, p Ͼ 0.25). Among responsive cells, the inward current was an average of 12% larger than baseline during the period from 10 min of exposure until the GnRH was washed off; during this same time period, the inward current declined an average of 5.4% in cells exposed to the control solution. Figure 4 illustrates the time course and magnitude of the response to GnRH among cells categorized as responders, compared with controls. To facilitate comparison, data were normalized such that the magnitude of the inward current immediately after application of the test solution was designated 100%, and the magnitude of the current at other times is expressed as a percentage of the magnitude at this time point. The arrow labeled treatment indicates the time at which 10 M GnRH or the control solution was washed onto the slice and maintained for at least 25 min; the solution was then washed off (wash). Means and SEs are shown for cells that responded to GnRH (F) or were exposed to a control solution containing an indicator dye but no GnRH (E). After 10 min in GnRH, the magnitude of the inward current was significantly larger in cells responding to GnRH than in cells exposed to the control solution; within 5 min in wash, the magnitude of the inward current was indistinguishable in the two groups. In both groups, the inward current ran down to ϳ86% of its original value by the end of the experiment. Some recordings were abandoned before the experiment ended if the cell died or the seal was lost, and the numbers above and below data points indicate the number of cells included in the analysis for each group at each time point. All recordings were made with CsCl in the intracellular solution and BaCl 2 in the extracellular solution.
In addition to our recordings of responses to 10 M GnRH, we were able to obtain recordings of responses to different concentrations of GnRH from different cells in five animals. We found that the effects of GnRH are similar across the range of concentrations tested. Specifically, we found that two of two cells exposed to 50 M GnRH could be categorized as responders; three of four cells responded to 5 M GnRH; three of four cells responded to 1 M GnRH; and one cell that was exposed to 0.5 M GnRH also showed an increase in the magnitude of the inward current. Among the animals used for these particular experiments, four of six cells responded to 10 M GnRH. The average change in the inward current for cells that responded to GnRH is shown in Figure 5 .
GnRH affects a TTX-sensitive current
The voltage-activated inward current that increased in the presence of GnRH was large and rapidly inactivating and resembled a sodium current. To further characterize this current, we used TTX in some recordings, as illustrated in Figure 6 . For this experiment, we followed the standard recording protocol described above, with CsCl-containing intracellular solution in the recording pipette and BaCl 2 rather than CaCl 2 in the bath solution. We measured the magnitude of voltage-activated currents every 2.5 min during 15-25 min of exposure to 10 M GnRH, then replaced the bath with a solution containing 1 M TTX and 10 M GnRH.
The inward current that increased in magnitude in the presence of GnRH was abolished within 2-5 min of application of the TTX-GnRH solution in all seven cells from which we obtained good recordings. As shown in Figure 6 , in some of these cells a different inward current persisted in the presence of TTX. This current is presumably carried by barium from the bath solution, because it resembles the calcium current that is typically present in mudpuppy olfactory neurons (Dionne, 1988) . We were able to wash the TTX-GnRH solution off one cell and found that the inward current recovered to its baseline level within ϳ15 min.
Other currents may also be affected by GnRH
The TTX-sensitive inward current may not be the only current that is affected by GnRH. We recorded from eight cells from six Figure 5 . Change, over time, in the magnitude of the inward current, illustrating that olfactory receptor cells respond similarly to GnRH at concentrations ranging from 0.5 to 50 M. The arrow labeled treatment indicates the time at which GnRH or the control solution was washed onto the slice; the solution was washed off at least 25 min later (wash). Means are shown for five cells exposed to a control solution that did not contain GnRH, one cell that responded to 0.5 M GnRH, three cells that responded to 1 M GnRH, three cells that responded to 5 M GnRH, four cells that responded to 10 M GnRH, and two cells that responded to 50 M GnRH. Note that the apparent late decrease in magnitude of the inward current in 50 M GnRH is caused by the loss of one of the two cells; thus, after 15 min in GnRH, the graph depicts data from only one cell. Data for responses to the control solution and 10 M GnRH are from the same animals used to test the other concentrations shown in the Figure. All recordings were made with CsCl in the intracellular solution and BaCl 2 in the extracellular solution. Figure 6 . Whole-cell recordings from an olfactory receptor cell, illustrating the effect of tetrodotoxin (TTX ) on the inward current that is affected by GnRH. This recording was made with CsCl in the intracellular solution and BaCl 2 in the extracellular solution. A, Currents elicited by stepping from a holding potential of Ϫ90 mV to a series of voltage pulses ranging from Ϫ80 mV to ϩ60 mV, in 10 mV increments. These currents were recorded immediately before GnRH was washed onto the slice. B, Currents elicited using the same protocol, after 25 min exposure to 10 M GnRH. The magnitude of the peak inward current is ϳ11% larger than in A. C, Currents elicited using the same protocol, 3 min after a solution containing 10 M GnRH and 1 M TTX was washed onto the cell. This measurement was taken 4 min after that illustrated in B. Note that the large, rapidly inactivating, voltage-activated inward current that is probably carried by sodium has been blocked. A small, slowly inactivating current that is probably carried by barium is now apparent. different animals using standard intracellular and extracellular solutions that did not contain blockers or ionic substitutions. The results of one of these recordings are illustrated in Figure 7 . In five of these eight cells, we found that the outward current was reduced at membrane potentials between roughly 0 and ϩ60 mV after 5-10 min of exposure to 10 M GnRH. The current recovered to its original level 5-15 min after the GnRH was washed off the slice. We did not identify the current that was altered, although it resembles a calcium-dependent potassium current that is present in mudpuppy olfactory neurons (Dionne, 1988) . In three of the five cells in which the outward current was altered, the magnitude of the inward current was also increased; this result was not obtained in any of the three cells in which no effect on the outward current was observed.
We also sought to determine whether application of GnRH alters the calcium current in mudpuppy olfactory neurons. Using a CsCl-based intracellular solution and an extracellular solution in which BaCl 2 had been substituted for CaCl 2 and 1 M TTX had been added, we were able to record from two neurons from two different animals. In these cells, we did not observe any changes in the magnitude or kinetics of the barium current after at least 15 min of exposure to 10 M GnRH.
Responsiveness to GnRH may be seasonal, but is not sexually dimorphic
The cells of the terminal nerve extend processes anteriorly to the nasal cavity and posteriorly to the hypothalamic/preoptic area. Developmentally, these cells are closely associated with GnRHcontaining cells of the hypothalamus that are involved in controlling the release of luteinizing hormone and follicle-stimulating hormone (Schwanzel-Fukuda et al., 1985; Northcutt and Muske, 1994) . We therefore examined our data to determine whether the effect of GnRH on the inward current of olfactory receptor cells varies with the sex of the animal or with the season during which the recording was made.
We found that the probability of observing a response to 10 M GnRH was higher during the winter and spring than during the summer months. From June through August, 4 of 12 cells (33.3%) from eight different animals responded to GnRH with an increase in the magnitude of the inward current, compared with 25 of 37 cells (67.6%) from 15 different animals that responded to GnRH during the period from December through May. Although the higher percentage of cells responding during the winter and spring does not quite reach statistical significance (Fisher's exact test, one-tailed, p ϭ 0.057), this seasonal difference represents an intriguing phenomenon deserving of further study.
In contrast, the effect of GnRH on olfactory receptor cells does not appear to be sexually dimorphic, regardless of season. Although we did not record the sex of every animal that served as a subject, we obtained recordings from cells from nine adult males and six adult females. Among male mudpuppies, 12 of 21 cells (57%) responded to 10 M GnRH with a sustained increase in the inward current, and 9 of 13 cells (69%) from females responded similarly. This difference is not significant (Fisher's exact test, p Ͼ 0.7). When only data from the winter and spring are included in the analysis, the proportion of cells that responded to 10 M GnRH is identical between males and females: six of nine cells (66.7%) from four different males responded to GnRH, as did 8 of 12 cells (66.7%) from five different females. The increase in magnitude of the inward current did not differ significantly between males and females, regardless of whether data from all cells or only from responders are included in the analysis. For example, among 11 cells from eight different animals that responded to 10 M GnRH, the maximum increase in the inward current in GnRH does not differ between males and females (t (9) ϭ Ϫ0.247, p Ͼ 0.8).
DISCUSSION
GnRH exerts various effects on the nervous system. Its most prominent role is in the release of gonadotropin hormones from the anterior pituitary; accordingly, cellular effects of GnRH have been studied most thoroughly in gonadotrope cells. In gonadotrope cells from rats and sheep, GnRH causes hyperpolarization of the membrane potential, followed by a period in which the membrane potential oscillates because of rhythmic release of calcium from intracellular stores. Increase in intracellular calcium causes hormone release and stimulates a hyperpolarizing calcium-dependent potassium current (Tse and Hille, 1992; Heyward et al., 1995) , which releases sodium and calcium channels from the inactivated state, leading to bursts of action potentials (Heyward et al., 1993; Tse and Hille, 1993) . Stimulation with GnRH leads to rapid influx of calcium in gonadotrope cells from goldfish and humans (Jobin and Chang, 1992; Prevarskaya et al., 1994) . In contrast, GnRH reduces the magnitude and slows the Figure 7 . Whole-cell recordings from an olfactory receptor cell, illustrating a reduction in the outward current after bath application of 10 M GnRH. In these recordings, no channel blockers or ionic substitutions have been used. V hold ϭ Ϫ70 mV. Top panel, Outward currents elicited by a voltage pulse of ϩ30 mV, showing the magnitude of the outward current before application of GnRH ( pre), after 12.5 min exposure to GnRH (GnRH ), and after washing GnRH off the slice for 12.5 min ( post). Bottom panel, Relationship between peak current and voltage for the same cell, at the same time points. Currents were elicited by application of a series of voltage pulses ranging from Ϫ80 mV to ϩ100 mV, in 10 mV increments. The graph is truncated below Ϫ40 mV, because potentials more negative than Ϫ40 mV did not elicit outward currents.
activation kinetics of calcium channels in bullfrog lumbar sympathetic ganglion cells (Elmslie et al., 1990; Boland and Bean, 1993) .
In mudpuppies, we observed the presence of GnRHimmunoreactive terminal nerve fibers just below the olfactory epithelium, as has been reported in all jawed vertebrates examined thus far (Eisthen and Northcutt, 1996) . The presence of these fibers in proximity to the olfactory epithelium suggests that they may be involved in olfactory function. Hormonal manipulations that decrease GnRH release, such as administration of melatonin (Wirsig-Wiechmann, 1993b) or estrogen (WirsigWiechmann and Lee, 1999) , significantly increase the GnRH content of terminal nerve fibers, suggesting that these fibers normally release GnRH into the olfactory mucosa. We therefore hypothesized that GnRH may act as a modulator of olfactory receptor cell activity.
In olfactory receptor cells from adult mudpuppies, we found that bath application of 0.5-50 M GnRH increases the magnitude of a TTX-sensitive, voltage-activated inward current with features of the sodium current that underlies action potentials. In addition, GnRH appeared to alter the activity of an outward current, possibly a calcium-dependent potassium current. These effects do not resemble odorant responses. Odorant transduction involves activation of two distinct second-messenger pathways that produce various effects, including the opening of nonselective cation channels and several types of chloride channels (for review, see Schild and Restrepo, 1998) . Although a broad array of odorant effects have been discovered thus far, odorants have not been shown to alter the magnitude of TTX-sensitive sodium currents. Furthermore, the time course of the response that we observed is not consistent with an odorant effect. In isolated olfactory receptor cells from mudpuppies, odorant responses occur within 200 msec, and the cells begin to adapt or desensitize to the presence of odorants within 10 sec (Dionne, 1992) . Any single odorant generally elicits a response from a minority of cells; for example, taurine, a potent odorant for mudpuppies, elicits responses from 24% of olfactory receptor cells when tested at 10 -100 M (Dubin and Dionne, 1993) . In our experiments, the magnitude of the sodium current was increased in 59% of cells exposed to 10 M GnRH. Finally, in mudpuppy olfactory neurons, odorant responses disappear within a few seconds in normal whole-cell recordings, presumably because of washout of the intracellular components involved in odorant transduction (Dionne, 1992) . In contrast, we were able to use whole-cell recording to examine effects of GnRH on voltage-activated currents over a period of 20 -120 min in a total of 72 cells and did not encounter problems with washout in any cell. Taken together, our results indicate that GnRH does not act as an odorant, but instead is serving as a modulator of olfactory receptor cell activity.
This conclusion contrasts with that reached by Andersen and Døving (1991) , who found that application of GnRH to the olfactory epithelium of rainbow trout (Oncorhynchus mykiss) elicited trans-epithelial voltage responses recorded as an electroolfactogram (EOG). Because EOG responses are thought to be summed generator potentials (Ottoson, 1956) , the authors concluded that GnRH acts as an odorant in rainbow trout. However, more recent evidence suggests that Andersen and Døving's result may have been caused by contamination (K. B. Døving, personal communication), and GnRH does not elicit EOG responses in tiger salamanders (W. L. Silver and C. R. Wirsig-Wiechmann, unpublished observations).
Our results suggest the intriguing possibility that GnRH from the terminal nerve alters the excitability of olfactory receptor cells, possibly causing the cells to respond more readily and more vigorously to odorants. To test this idea directly, we attempted to use current-clamp recording to determine whether GnRH altered excitability of olfactory receptor cells. As is typical of olfactory receptor cells, we found that the cells did not have a stable resting potential; the resting potential of most cells drifted unpredictably between about Ϫ80 and Ϫ20 mV over the course of several minutes, obscuring our ability to interpret the results of GnRH application. However, other recording methods, such as the use of calcium imaging, could prove useful in determining whether GnRH enhances responsivity to odorants.
The response of olfactory receptor cells to GnRH appears to be seasonal, for GnRH was more likely to enhance the sodium current when recordings were conducted during the winter and spring than during the summer. Perhaps the terminal nerve acts to increase sensitivity to odorants during the breeding season. The animals used in our experiments were wild-caught in Wisconsin and Minnesota, where mudpuppies court and mate from October through April or May. The sexes then separate, and females lay eggs and guard the nest through the summer (Petranka, 1998) . Because the terminal nerve appears to be activated during mating behavior (Propper and Moore, 1991) , it may serve to sensitize the olfactory system to pheromones or other odorants that are critical for reproductive success. It would be particularly interesting to determine whether other terminal nerve-derived compounds, such as FMRFamide or acetylcholine, modulate activity of olfactory receptor cells in a seasonal manner.
GnRH may modulate activity of olfactory receptor cells at lower concentrations than were tested in this study. In most of our experiments, we explored the effects of exposure to 10 M GnRH and tested lower concentrations on relatively small numbers of cells. We obtained a response at the lowest concentration tested, 0.5 M, and olfactory receptor cells may respond to still lower concentrations. The concentration of GnRH that reaches olfactory receptor cells under normal physiological conditions is not known, nor can it reasonably be estimated at present. Experiments with tiger salamanders suggest that GnRH reaches the surface of the olfactory epithelium via secretion from nasal glands, for Bowman's glands display GnRH immunoreactivity (Wirsig-Wiechmann and Matsumoto, 1999) . Attempts to analyze levels of GnRH by mass spectrometry and radioimmunoassay have indicated that GnRH levels in the mucus are below the nanomolar level of detection (C. R. Wirsig-Wiechmann, unpublished observations) . However, secretion of GnRH into the mucus may be seasonally controlled and/or require specific sensory stimuli, rendering consistent detection difficult.
The activity of vertebrate olfactory receptor cells may be modulated by compounds from various sources in addition to the terminal nerve. Adrenergic autonomic fibers innervate the olfactory epithelium (Zielinski et al., 1989a) , and adrenaline enhances odorant sensitivity as measured with EOG recordings (Arechiga and Alcocer-Cuaron, 1969) . Recently, the mechanisms of this modulation were studied in newts (Cynops pyrrhogaster), in which adrenaline was found to increase the magnitude and alter the kinetics of a TTX-sensitive sodium current and to decrease the magnitude of a T-type calcium current, narrowing the dynamic range of the olfactory receptor neurons (Kawai et al., 1999) . Stimulation of the trigeminal nerve in rats increases levels of catecholamines, including dopamine, in nasal mucus (Lucero and Squires, 1998) , and dopamine increases the magnitude and shifts the voltage-dependence of an inwardly rectifying hyperpolarization-activated current in rat olfactory receptor neurons (Vargas and Lucero, 1999) . Cholinergic fibers from both the terminal nerve (Schwanzel-Fukuda et al., 1986; Wirsig and Getchell, 1986; Wirsig and Leonard, 1986; White and Meredith, 1995) and autonomic nerves (Zielinski et al., 1989b) innervate the nasal cavity, and the olfactory epithelium contains muscarinic receptors (Hedlund and Shepherd, 1983) . The firing rate of frog olfactory receptor neurons is altered by application of acetylcholine (Bouvet et al., 1988) through interaction with an odorant transduction mechanism. Frings (1993) showed that the muscarinic agonist carbachol stimulates protein kinase C, potentiating adenylyl cyclase activity and leading to an increase in firing rate. Substance P may increase excitatory responses of olfactory receptor neurons [Bouvet et al. (1988) , but see Frings (1993) ] and is present in the trigeminal nerve (Cuello et al., 1978; Zielinski et al., 1989a) . Similarly, serotonin increases excitation of olfactory receptor neurons (Frings, 1993) , although a potential source of serotonin in the nasal cavity has not yet been identified. Thus, the sensitivity of olfactory receptor neurons appears to be modulated by compounds from diverse sources, including autonomic, trigeminal, and terminal nerves. Furthermore, our data suggest that this modulation may change dynamically depending on the animal's reproductive condition or behavioral context.
